One of the challenges in laser direct writing with a high numerical-aperture objective is the severe axial focal elongation and the pronounced effect of the refractive-index mismatch aberration. We present the simultaneous compensation for the refractive-index mismatch aberration and the focal elongation in three-dimensional laser nanofabrication by a high numerical-aperture objective. By the use of circularly polarized beam illumination and a spatial light modulator, a complex and dynamic slit pupil aperture can be produced to engineer the focal spot. Such a beam shaping method can result in circularly symmetric fabrication along the lateral directions as well as the dynamic compensation for the refractive-index mismatch aberration even when the laser beam is focused into the material of a refractive index up to 2.35. 
Introduction
The fabrication of three-dimensional (3D) photonic nanostructures by use of a femtosecond laser beam focused by a high numerical-aperture (NA) objective is often hindered by the complicated focal asymmetry [1, 2] . First, an axial focal elongation induced by the limited NA of the focusing objective can lead to a focal asymmetry with respect to the transverse direction. Second, in the presence of the mismatch of the refractive-indices between the immersion medium of a high NA objective and the material where nanophotonic structures are fabricated, the axial elongation is accompanied by an axial asymmetry with strong side lobes along one axial direction. Third, the depolarization effect of a high NA objective can cause an in-plane focal asymmetry with respect to the orientation of the incident beam polarization. Both the refractive-index mismatch spherical aberration and the depolarization become stronger when the NA approaches 1.4 which is necessary for the nanofabrication. Accordingly, such a strongly asymmetric focal spot often results in an axial resolution that is significantly poorer than the lateral resolution in direct laser writing (DLW) and can lead to unwanted optical effects such as linear birefringence in DLW-generated photonic crystal waveguides [3] and a lack of a complete photonic band-gap [4, 5] .
To compensate for the axial focal elongation, one has developed multi-line DLW [5, 6] , complex spatial filtering [7] [8] [9] , and astigmatic [10] and slit-beam shaping [11] [12] [13] methods. While these methods can improve the aspect ratio of the focal spot in the transverse and axial directions, their effect on compensating for the refractive-index mismatching have not been explored. Although a spatial light modulator (SLM) slit-beam method was employed for the compensation for the axial focal elongation in DLW of NA 0.5 [13] , no compensation for the refractiveindex mismatch aberration and depolarization has been studied. On the other hand, adaptive optics based on an SLM, in which case aberrated wavefronts can be compensated by the SLMgenerated conjugated phase, has been developed without taking the axial focal elongation into consideration [14] [15] [16] [17] [18] [19] .
In this work we show a complex and dynamic slit beam shaping method using an SLM to simultaneously compensate for the axial focal elongation and the refractive-index mismatch aberration. The difference of our method from the SLM slit beam shaping method reported recently [13] is that our adjustible slit has a complex phase function to compensate for the refractive-index mismatch aberration that is dependent on the depth of the focal position in the medium where DLW is performed with a high NA objective. In addition, instead of using a linearly polarized beam, which can cause an in-plane polarization-dependent focal asymmetry when a slit rotates for the fabrication of a curved or bent structure, we use a circularly polarized beam. As such, we demonstrate that sub-micrometer nanowires can be generated with a highly circularly symmetric focal spot when the elongation and aberration are compensated simultaneously even in the fabrication material that have a refractive index of up to 2.35.
High numerical aperture slit beam-shaping
Let us consider a slit-shaped aperture with an orientation angle of θ placed at the back focal plane of an objective, as depicted in Figs. 1(a) and 1(b). At the focus, the size of the focal spot in the constricted direction is increased due to the reduced aperture size of the slit. By an appropriate choice of the slit width W, the transverse focal spot size can be enlarged by the restriction of the slit width to an extent that it matches the axially elongated focal spot size. Consequently, the focusing of a slit shaped beam can produce a vertical disk shaped intensity point spread function (IPSF) oriented perpendicular to the slit as shown in Fig. 1 (b). Although the slit beam shaping method has been applied to the case of low NA DLW [11] [12] [13] at a micrometer scale, it is necessary to adopt a high NA objective for nanofabrication, in which case a phase-modulated slit aperture whose transmittance is a complex function is needed. To keep the rotatory symmetry of the disk-like focal spot produced by a high NA objective, we use circularly polarization illumination instead of a linearly polarized beam.
Figures 1(c)-1(h) show the normalized XZ cross sections of the calculated IPSF when a circularly polarized beam is focused under various conditions. The calculations were performed with a vectorial Debye integral [1, 2, 17, 18] for a slit like beam defined by Fig. 1(a) . The NA of the objective in the calculation was 1.4, and its immersion medium of refractive index 1.52 was used. The incident wave was right circularly polarized with a wavelength of 800 nm. The slit length L was set to 5.04 mm to match the diameter of the objectives back aperture. Figure 1(c) shows the IPSF when focusing to a depth of 60 µm in an isotropic polymer (IP-L -Nanoscribe GmbH) and when utilizing the full objective aperture (W = 1). The polymer has a refractive index of 1.48 and the spherical aberration was assumed to be compensated when the phase of the slit transmittance is conjugated according to the refractive-index mismatch aberration [1, 2] . Figure 1(e) shows the IPSF when the slit width is limited to an optimal width of W = 1.76 mm, aligned parallel to the y-axis. The IPSF broadens along the x-axis to form a circularly symmetric focal distribution in the ZX plane. The peak intensity of the focus is lower than the full aperture case by a factor of 5.4 due to both the reduced transmission of the slit and the larger volume of the focus. The further reduction of the slit width can lead to the destruction of circular symmetry in the XZ plane as shown in Fig. 1(g) where a slit width of W = 0.76 mm is applied. Figures 1(d) , 1(f) and 1(h) show the cases when no aberration compensation is applied. For a focal depth of 60 µm the additional aberration induced focal elongation necessitates a smaller slit width of W = 0.76 mm to achieve an aspect ratio of 1 in the ZX plane. However, note that the presence of the aberration destroys the circular symmetry of the focus and that the resolution of the focus is significantly poorer than when the slit transmittance is conjugated according to the refractive-index mismatch aberration ( Fig. 1(e) ). It is therefore vital for aberration compensation to be employed simultaneously with the slit beam shaping if circular symmetry is to be achieved.
The high degree of the circular symmetry of the aberration compensated dynamic slit method and the disk like shape of the focus are illustrated in the calculated contour plots shown in Figs. 
2(a)-2(c). Figure 2(d) also shows the evolution of the full width at half maximum (FWHM)
of the IPSF as a function of W under the aberration free condition. The FWHM in the x-axis increases dramatically as the slit width is lowered whilst the FWHMs of the y-and z-axis remain mostly constant. At W = 1.76 mm the x-axis and z-axis FWHMs cross and a circularly symmetric aspect ratio of 1 is achieved. The consistency of the axial FWHM shows that the 3D resolution is uncompromised by this method whilst the independence of the FWHMs on the focal depth permit the 1.76 mm optimal slit to achieve a circularly symmetric focus at any focal depth.
Dynamic SLM based slit beam shaping
The principle of generating a phase modulated adaptive slit shaped beam by a phase only SLM is shown in Fig. 3(a) . A phase grating is utilized to separate the first order diffraction term from the remainder of the wavefront whilst the conjugated function related to the refractive-index mismatch is added for aberration compensation. An adjustable slit shape is then superposed onto the phase pattern such that the total phase modulation is limited to a slit shape [13] . By imaging the surface of the SLM to the back aperture of the objective lens with a 4f imaging system as shown in Fig. 3(b) , the portions of the wavefront without the phase grating can be filtered with a simple pinhole such that only the slit shaped first order diffraction is permitted to transmit to the objective lens [13] . The size, shape and angle of the slit shaped beam at the back aperture of the objective can then be dynamically changed during fabrication by simply altering the region of the SLM that displays the phase ramp. In addition, the refractive-index mismatch aberration can by dynamically updated simultaneously by adjusting the compensation pattern to the conjugate of the phase at any given fabrication depth. This work utilized a Boulder Nonlinear Systems SLM (HSPDM5120785-PCIe) for phase modulation illuminated with an ultrafast laser amplifier (Libra HE, Coherent Scientific) with an operating wavelength of 800 nm, a pulse width of 100 fs and a repetition rate of 10 kHz. A 1.4 NA objective lens (Olympus UPLANSAPO 100 XO) is utilized to focus the laser beam.
Symmetric nanofabrication
Experimental verification of circularly symmetric nanofabrication can be seen in the scanning electron microscope (SEM) images of fabricated IP-L polymer nanowires in Fig. 4(b) and 4(c) , where the full objective aperture and optimized slit width cases are shown, respectively. The length of the nanowires runs into the page and the laser propagated from the top of the images as shown by the diagram in Fig 4(a) .
The nanowires were fabricated by creating a 60 µm thick film of the IP-L polymer between two glass coverslips. As the refractive index of the polymer (n 2 = 1.48) is lower than the refractive index of the immersion medium (n 1 = 1.52), spherical aberration caused by the refractiveindex mismatch is imparted onto the laser wavefront [1, 2] and hence simultaneous compensation via the phase only SLM is required. The precise level of aberration compensation that was required was found via an adaptive axial response method reported elsewhere [18] . The nanowires were fabricated in the power range between 15 and 25 µW and the power was scaled each time so that approximately equal peak intensity was maintained for each slit width. The fabrication speed was 5 µm/s and the rods protruded 1 µm out from the polymer supporting structure. In experiment, the optimal slit width for an aspect ratio of 1 was found to be W = 1.16 mm (Fig. 4(c) ), which is between 1.76 mm and 0.76 mm as predicted by the theoretical calculations. The reason for the narrower slit width is the presence of system aberration which distorts the focus in addition to the spherical aberration produced by the refractive-index mismatch. The effect of the spherical aberration on the nanowire symmetry was also observed when fabricating nanowires without the simultaneous compensation for the refractive-index mismatch aberration. Figures 4(d) and 4(e) show the cases of the full objective aperture and slit width of W = 0.23, respectively, for an uncompensated beam. The additional elongation from the aberration prohibits a unit aspect ratio from being achieved, and the circular symmetry is also destroyed in agreement with the numerical calculations.
Finally, we apply our method into the chalcogenide glass arsenic trisulfide (As 2 S 3 ) [4, 5, 18] which has a refractive index of 2.35. The elongation of the focus when focusing within As 2 S 3 is a factor of 2.2 times larger at the diffraction limit in comparison to the IP-L polymer, and the magnitude of the refractive-index mismatch aberration is over an order of magnitude higher. Whilst As 2 S 3 is a highly photosensitive and nonlinear material, these properties were not observed to influence the dynamics of the slit method and so no additional control of the fabrication power or phase compensation was required.
Simple curved structures were fabricated at different depths as shown in Fig. 5(a) . shows wide field optical images of the curved structures fabricated with a fixed slit whilst Fig.  5(c) shows the improvement when a dynamic slit angle is applied. The effect of the refractiveindex mismatch aberration and its simultaneous compensation via the SLM can be seen in Figs. 5(d) and 5(e) where structures are fabricated at depths of 1 µm and 7 µm , respectively. The aberrated structures deviate significantly from the corrected structures as the depth is increased. It should be noted that the apparent deterioration of the corrected case is due to the lack of aberration compensation in the wide field imaging system and hence the image quality deteriorates when imaging all structures. Nonetheless, a clear improvement is observed when both the axial elongation and refractive-index mismatch aberration are simultaneously compensated.
Conclusion
We have demonstrated the simultaneous compensation for the spherical aberration caused by the refractive-index mismatch and the elongation in DLW with a high NA objective. As a result, symmetric nanostructures with a unit aspect ratio can be fabricated into a material with refractive index up to 2.35 by the use of a complex and dynamic slit generated by the SLM. We have shown that the slit can be dynamically updated at high speed for application that requires symmetric nanofabrication across a range of fabrication directions.
